It is well accepted that intracellular iron overload that associate with various forms of cancer fuels tumor mutagenesis and growth. Hence, iron chelation therapy is being increasingly used to minimize iron overload in cancer patients despite significant safety and efficacy concerns. Mounting evidence suggests that estrogen (E2) downregulates hepcidin synthesis and increases serum iron concentration. It is postulated therefore that, by downregulating hepcidin synthesis, E2 may maintain ferroportin integrity and enhance intracellular iron efflux. Here, MCF-7 and SKOV-3 cancer cells treated with increasing concentrations (5, 10 and 20 nM) of E2 were assessed for intracellular labile iron content, the expression of hepcidin, ferroportin, and transferrin receptors 1 and 2 along with cell viability at different time points post treatment. In MCF-7 cells, E2 treatment resulted in a significant reduction in hepcidin synthesis, most noticeably at the 20 nM/24 h dose, a significant increase in ferroportin expression and a marked decrease in transferrin receptors 1 and 2 expression. E2-treated cells also showed reduced intracellular labile iron content most evidently at 20 nM/48 h dose and reduced viability especially at 20 nM/72 h dose. E2-treated SKOV-3 showed slightly reduced intracellular labile iron content, reduced expression of hepcidin and significantly increased expression of TFR1 but not TFR2; FPN expression was overall similar to that of controls. The effects of E2 on intracellular iron metabolism in SKOV-3 were most evident at 5 nM/24 h dose. These findings suggest that E2 treatment induces intracellular iron efflux, which may minimize intracellular iron overload in cancer cells; disrupted expression of transferrin receptor 1 and/or 2 may help sustain a low intracellular iron environment.
Introduction
Iron is essential for cell metabolism and growth; under aerobic conditions however, excess iron induces the generation and propagation of free radicals though Fenton chemistry. Mammalian systems have therefore evolved intricate mechanisms to tightly regulate iron absorption and release. Ferroportin (FPN) on iron-absorbing enterocytes and iron-releasing macrophages and hepatocytes effluxes iron into the circulation where it combines with transferrin for delivery to target cells though transferrin receptor 1 (TFR1; CD71). Iron efflux though FPN is negatively regulated by the hepatocyte-derived peptide hormone hepcidin, which degrades FPN [1] . Increased demand for iron downregulates hepcidin synthesis by upregulating the transcription of hypoxia inducible factor 1α (HIF-1α) [2] and the growth differentiation factor 15 (GDF15) [3] among other mechanism [4] . On the other hand, ferric-transferrin complex (holo-transferrin) in excess displaces the human hemochomatosis gene product (HFE) from TFR1 allowing it to bind to TFR2 to upregulate hepcidin synthesis [1, 5] . Interleukin-1 (IL-1) and IL-6 [6, 7] as well as toll-like receptor 4 (TLR-4) [8] have also been shown to upregulate hepcidin gene expression.
Besides variations in demand and inflammation, there is evidence to suggest that iron homeostasis is influenced by the sex hormone estrogen (17-β estradiol or E2). In that, while ovariectomy in mammals results in decreased serum iron [9] , use of oral contraceptives [10] and treatment of ovariectomized mice with E2 [11, 12] results in increased serum iron levels [13] . The expression of several genes involved in iron metabolism including lactotransferrin, ceruloplasmin ferroxidase, lipocalin 2 and ferroportin [12] upregulate during uterine growth and differentiation. Furthermore, HIF-1α was reported to upregulate in ovarian cancer cell lines ES-2 and SKOV3 following treatment with E2 [14] . E2 has also been shown to downregulate hepcidin gene expression by binding to E2 response elements (EREs) in the hepcidin gene [13, 15] ; an effect that could be reversed by ICI 182780 (an E2 antagonist) [15] . E2 was also reported to inhibit the synthesis of IL-1 and IL-6 [16] ; both of which are known to upregulate hepcidin gene expression as noted previously [6, 7] . Collectively, these observations suggest that exposure to E2 may maintain FPN integrity and hence enhance intracellular iron efflux.
Several forms of cancer including lung [17, 18] , pancreatic [19] colon [20] [21] [22] [23] , and breast cancer [20, [24] [25] [26] [27] have been reported to exhibit significant levels of iron overload. Breast cancer cells have been shown to exhibit increased levels of hepcidin, ferritin, and labile iron along with decreased FPN expression [24] . Furthermore, upregulated expression of CD71 is considered as a marker of poor prognosis in breast cancer patients [28] . Based on these and other relevant observations, iron chelation therapy has been proposed and tested in various forms of cancer [29] [30] [31] [32] [33] with mixed results regarding efficacy [34, 35] and side effects [36] . One possible reason for the limited efficacy of iron chelation in cancer is that it mostly targets extracellular iron. Therefore, disturbed iron homeostasis being mostly intracellular rather than systemic in many forms of cancer [24] calls into question the logic of conventional iron chelation as a treatment for cancer and necessitates the development of new approaches to drive intracellular iron out rather than chelating extracellular iron and exacerbating compromised immunity and anemia in such patients. In this context, previous work has shown that E2 treatment could precipitate anticarcinogenic effects though its ability to induce apoptosis [37] . In this study, we addressed the possibility that E2 treatment could enhance intracellular iron efflux using the human breast (MCF-7) and ovarian (SKOV-3) cancer cell lines. Treated cells were assessed for intracellular labile iron content and the expression of several proteins involved in intracellular iron management along with cell viability. Should E2 treatment proves capable of manipulating intracellular labile iron content, it could shed more light on the anti-carcinogenic [37] [38] [39] and anti-inflammatory [13] potential of E2.
Materials and Methods

Cell culture and treatment
The Human breast (MCF-7) and ovarian (SKOV-3) adenocarcinoma cell lines (ATCC, Manassas, VA, USA) were used throughout the study given that they both express E2 receptor alpha (ER-α). MCF-7 cells were maintained in DMEM supplemented with 2 μg/ml insulin, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 4 mM glutamine, 10% fetal calf serum, and 1% antibiotics (penicillin/streptomycin) at 37°C and 5% CO 2 . SKOV-3 cells were maintained in McCoy′s 5a medium (Sigma) supplemented with 2 mM Glutamine, 1 mM sodium pyruvate, 15% FBS, 1% antibiotics (penicillin/streptomycin) at 37°C and 5% CO 2 . For E2 treatment, cells were seeded at 5 × 10 5 cells/ml in 25 cm flasks; at ~70% confluency, cells were treated with 17-β estradiol (Oestradiol benzoate [Folone] ; Misr CO, Egypt) at 5, 10 or 20 nM and cultured for 6, 12 or 24 h prior to harvesting and assessment. Control cell cultures were either left untreated or treated with equal volumes of ethanol as vehicle [40] .
RT-PCR
RNA was isolated using TRIzol Tri reagent (Catalog No. 93289; Sigma) according to manufacturer's instructions. 1 µg of total RNA was reverse transcribed in a 20 µl reaction volume containing random primers and GoScript Reverse transcription mix. Quantitative RT-PCR was carried out using the GoTaq system (Catalog No. A6010; Promega) and the reactions were run on a Rotor-Gene Q5 RT-PCR cycler (Qiagen corporation, Hilden, Germany). Primers used to test for hepcidin gene expression were shown in Table 1 .
Gene
Forward primer Reverse primer
Hep. 5´-CTGTTTTCCCACAACAGACG-3´5´-CAGCACATCCCACACTTTGA-3F
able 1: Primers used for hepcidin gene expression testing.
Western blotting
Cells were lysed with ice-cold radio-immunoprecipitation assay (RIPA) buffer containing protease cocktail inhibitor tablets (Cat. No. S8830, Sigma). Whole cell lysate protein concentration was quantified using the standard Braford method (Cat. No. 500-0006, BioRad). Lysate aliquots containing 30 µg protein were separated by 12% SDS-PAGE gel electrophoresis and transferred onto a Polyvinylidene difluoride 
Immunofluorescence
Cells were seeded at 10 4 cell/ml on sterile poly-L-lysine-coated glass cover slips in 6-well culture plates, 48 h later, cells were starved for 12 h prior to treatment with E2. Cells on slides were then washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature and treated with 0.1% Triton X-100 for 10 min. Fixed and permeabilized cells were blocked with BSA at 3% for 1h, rinsed with 1X PBS and incubated with unlabeled primary antibody (antihepcidin: Cat. No. ab57611; anti-FPN: Cat No ab85370; anti-TFR: Cat No. ab84036; anti-TFR2: Cat No, ab84287; and anti-Hif1-α: Cat No, ab82832; all from Abcam) at 5 µg/ml overnight at 4°C. Cells were then washed with 1X PBS and reacted with the Alexafluor®488-or Alexafluor®680-labeled secondary antibody (Abcam) for 1 h at 37°C; excess reagent was rinsed with 1X PBS. Genomic DNA was stained with 4′,6′-diamidino-2-phenylindole (DAPI) (Cat. No. D1306, Invitrogen) according to manufacturer's instructions. Slides were visualized by fluorescence microscopy using an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Flow cytometric analysis
Viable cells were reacted with FITC-labeled anti-human CD71 antibody (Cat. No. 19577, Thermo Scientific) at 1 μg/5 × 10 5 cells for 30 minutes on ice in 100 μl PBS. Cells were then washed twice with PBS and fixed with 500 μl of 2% paraformaldehyde. Intracellular labile iron content was qualitatively assessed as previously described [41] . Briefly, cells were washed twice with PBS; 0.5 × 10 6 were incubated for 15 min at 37°C in the presence of 0.5 μM calcein acetoxymethyl ester (CA-AM) (Cat. No. 56496, Sigma Aldrich). Cells were then washed twice and treated with deferiprone or deferoxamine (Ferriprox; Cat No. 374907, Sigma Aldrich) at 100 μM. Cells were analyzed by flow cytometry (AccuriTM C6, Becton-Dickinson) at a rate of 1000/sec applying a 488 nm laser beam for excitation. A minimum of 50,000 events were collected/sample and % positive staining was computed to the 99% confidence level at a logarithmic scale. Mean fluorescence intensity (MFI) as presented in Figure 1 represents the geometric mean fluorescence intensity of a log-normal distribution of fluorescence signals. 
MTT cell viability assay
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich) was used as a colorimetric assay to assess cells viability following treatment as described elsewhere. 10 4 cells were grown in 0.2 mL growth medium in 96-well plates and cultured for 24 h. The MTT salt was then mixed with the control or treated cells and incubated at 37°C for 2 h in a humidified CO 2 incubator at 5% CO 2 . MTT formazan product was dissolved in DMSO and absorbance was read at 570 nm on a microplate reader.
Statistical analysis
MTT as well as RT-PCR data was analyzed using the Statistical Software Graph Prism Pad 5 and paired t test was used to generate P values for comparisons between groups.
Results
Treatment of MCF-7 cells with increasing concentrations of E2 resulted in a significant downregulation in hepcidin mRNA synthesis especially at 5 nM/24 h dose (Figure 2A ). Cells treated with E2, those at 20 nM in particular, also showed a significant decrease in hepcidin protein content at 6 and 12 h and a very significant decrease at 24 h as shown by western blotting ( Figure 2B ) and immunofluoresce ( Figure  2C and 2D) studies. Based on these observations, the status of FPN expression following E2 treatment was assessed to test whether decreased hepcidin synthesis could maintain FPN integrity. Figure 2 : E2 treatment downregulates hepcidin mRNA and protein synthesis. MCF-7 cells treated with 10 or 20 nM E2 and cultured for 6, 12 or 24 h were assessed for hepcidin mRNA expression (A). In this series, total RNA was extracted and RT-PCR was performed using hepcidin and GAPDH specific primers; data presented is the average of three separate experiments where each run was mirrored by an internal replicate. Total cell lysates from MCF-7 cells treated with 5, 10 or 20 nM E2 and cultured for 6, 12 or 24 h were also assessed for total hepcidin protein (32 KD) (B). MCF-7 cells treated with 20 nM for 6, 12 or 24 h were assessed for hepcidin protein expression in whole cells stained for hepcidin alone (C) or costained with DAPI to produce merged images (D). Immunofluorescence and western blot data presented here is representative of at three separate experiments; RQ is relative protein quantity.
As shown in Figure 3A , E2 treatment significantly enhanced FPN mRNA expression especially at 10 nM/24 h dose. In fact, E2 treatment, not only maintained, but rather enhanced FPN protein expression in a dose and time-dependent manner. In that, while E2 treatment at 5 nM resulted in a moderate increase in FPN expression ( Figure 3B , 3C and 3D), there was a very pronounced increase in FPN expression at 10 or 20 nM/12 or 24 h (Figures 3B and 3D) doses. Like MCF-7 cells, E2-treated SKOV-3 cells showed a significant reduction in hepcidin The ability of E2-treated MCF-7 cells to maintain and enhance FPN expression suggested that the intracellular conditions favor intracellular labile iron efflux. Accordingly, the status of intracellular labile iron content following E2 treatment was assessed using the calcein/deferiprone (or deferoxamine)-based flow cytometry method [41] . This approach has the advantage of assessing labile iron bound to low affinity ligands but not iron bound to high affinity ligands such as ferritin or hemosiderin.
As shown in Figure 1A , intracellular iron content in E2-treated MCF-7 cells was noticeably lower than that in untreated controls. Reduction in intracellular iron content was dose and time-dependent; in that, cells treated with E2 at 20 nM and cultured for 48 h contained the least amount of iron. Although cells treated 5 nM E2 and cultured for 24 h showed a significant reduction in intracellular iron content as compared with untreated cells, their iron content was significantly higher than that in cells treated with higher doses or those treated with the same dose and cultured for 48 h (data not shown). It must be noted that reduction in intracellular labile iron content was less evident at 6 and 12 h post treatment irrespective of E2 dose (data not shown). In the case of SKOV-3, reduced intracellular labile iron content was evident in cells treated with 5 and 10 nM for 24 hours. Cells treated with 20 nM E2 for 24 hours actually showed slightly higher levels of intracellular labile iron content as compared with untreated controls (Figure 1 ).
Based on these findings, it was expected that E2-treated cells will tend to upregulate the expression of TFR1 and/or TFR2 as means of compensating for lost intracellular iron. Surprisingly however, E2 treatment resulted in a differential reduction in TFR1 and TFR2 mRNA and protein expression.
As shown in Figure 5A , the expression of TFR1 mRNA in cells treated with 10 and 20 nM E2 and cultured for 24 h was slightly lower than that in untreated cells. No clear pattern was discernable concerning TFR1 mRNA expression in E2-reated cells that were cultured for 12 h. E2 treatment showed significantly reduced TFR1 protein expression especially in 20 nM 24h cultures as evidenced by western blotting (Figure 5B ), immunofluorescence ( Figure 5C ), and flow cytometry ( Figure 5D ) experiments. As for TFR2, mRNA expression was significantly reduced in cells treated with 5 and 20 nM E2 and cultured for 12 or 24 h ( Figure 6A ). However, TFR2 mRNA expression significantly upregulated in cells treated with 10 nM E2 and cultured for 12 or 24 h. E2 treatment at 20 nM also resulted in a noticeable decrease in TFR2 protein expression as compared with untreated cultures (Figures 6B and 6C) . With regard to SKOV-3 cells, E2 treatment resulted in a significant increase in TFR1 especially at 5 and 20 nM/24 h doses (Figure 7) . However, TFR2 expression was similar to that in controls at the 5 nM dose or significantly less at higher doses (10 and 20 nM).
The ability of E2 treatment to precipitate adverse of detrimental effects relating to cell growth and viability was assessed in MCF-7 cells treated with 20 nM E2 for up to 72 hours using the MTT assay. As shown in Figure 7 , cell viability was only slightly reduced at 24 h post treatment irrespective of E2 dose. However, cell viability was significantly reduced in cell receiving 5 or 20 nM at 72 h post treatment. . Here, total RNA was extracted and RT-PCR was performed using TFR2 and GAPDH specific primers; data presented is the average of three separate experiments where each run was mirrored by an internal replicate. Total cell lysates from MCF-7 cells treated with 5, 10 or 20 nM E2 and cultured for 12 or 24 h were assessed for total TFR2 protein (104 KD) (B). MCF-7 cells treated with 20 nM E2 and cultured for 6, 12 or 24 h were stained for TFR2 in conjunction with DAPI and presented as merged images (C). Both immunofluorescence and western blot data presented here is representative of three separate experiments; RQ is relative protein quantity. 
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Discussion
Data presented here suggest that E2 treatment disrupts intracellular iron metabolism and enhances intracellular iron efflux and depletion. This is based on the observation that: (i) E2 treatment downregulates hepcidin synthesis (Figures 1 and 6 ) and manipulates FPN expression (Figures 2 and 6 ). (ii) Intracellular labile iron content is noticeably lower in E2-treated cells as compared with untreated counterparts (Figure 3 ). (iii) E2 treatment alters TFR1 and TFR2 expression ( Figures  4 and 5) , which enables treated cells to differentially respond to labile iron depletion. These findings are consistent with previous reports, which have shown that E2 downregulates hepcidin synthesis and increases systemic iron availability [9] [10] [11] [12] [13] [14] [15] [16] . The ability of E2 to perturb iron homeostasis was more evident at high doses (Figures 1,3 ,4,5 and 6), which is consistent with the observation that elevated, rather than physiologic, levels of E2 associate with increased systemic iron availability [9] [10] [11] [12] [13] [14] [15] [16] 42] . As reported previously [12] , E2-driven changes in iron status relates to the need to compensate for E2-triggered iron loss though menstruation and E2-dependent pregnancy in premenopausal women.
Inconsistent with these findings however was the observation that E2 suppresses FPN expression [43] and that it enhances hepcidin synthesis though a GPR30-BMP6-depeddent signaling in hepatocytes and the liver-derived Hep2 cells [44] . This is in direct conflict with previous work, which has shown that elevated levels of E2 associate with increased FPN expression [12] . It is also in conflict with the finding that ER-α engagement downregulates hepcidin synthesis [15] , that E2 increases systemic iron concentration [9, 11, 13] , and that E2 enhances Hif-1α expression [12] , which in turn downregulates hepcidin synthesis. Among the possibilities that could explain these inconsistencies is the type of cells used, differences in E2 concentration and/or exposure time as well as the type of receptor E2 engages within target cells. In this context, 10 nM E2 treatment resulted in a moderate inhibition of hepcidin mRNA expression at 12 h post culture as compared with that induced by 10 nM at 6 h or that induced by 5 or 2 nM E2 treatments at 12 h (Figure 2A) . Furthermore, there was a very significant increase in TFR2 mRNA expression as compared with that induced by 5 or 2 nM E2 treatments ( Figure 6A ). Hence, one should be mindful of the possibility that E2 could exert paradoxical effects on iron homeostasis depending on E2 concertation and/or exposure time just as it does with regard to several other aspects of its biology [38, 39] .
The ability of high dose E2 treatment to manipulate iron homeostasis and enhance intracellular iron efflux could provide further insight into the anti-carcinogenic potential of E2 [24, 37, 39, 45] . This is based on the fact that the expression profile hepcidin, FPN, and intracellular iron content in E2-treated MCF-7 cells as documented in this study is the exact opposite of that observed in typical breast cancer cells [24] . High-dose E2 treatment, which was first introduced in 1944 [46] , remained the standard approach for treatment of metastatic breast cancer in postmenopausal women until nonsteroidal anti-E2s (e.g. tamoxifen) were introduced in the late 1970s. A clinical trial involving tamoxifen versus high dose diethylstilbestrol (DES; a synthetic E2) in metastatic breast cancer showed that the responsiveness to both treatments was equivalent [47] and survival was significantly improved with DES [48] . Furthermore, a Women's Health Initiative study involving 10,739 postmenopausal women with a prior hysterectomy concluded that E2 replacement therapy reduces the incidence of invasive breast cancer [49] . The mechanism underlying the anti-carcinogenic effects of E2 is not fully understood but there is evidence to suggest that the antitumor effects of physiologic E2 could be explained by its ability to induce apoptosis [37] though direct E2/ER interactions with E2 response elements (EREs) in genes that induce the intrinsic apoptotic pathway or though upregulated expression of Fas (CD95) and/or Fas-ligand (CD95L) that engages the extrinsic apoptotic pathway. E2-dependent intracellular iron depletion, which could minimize the proliferative potential of cancer cells, reduce the rate of free radical generation and propagation and hence reduce intracellular oxidative stress, is further evidence of the anticarcinogenic potential of E2.
The effect of E2 treatment on intracellular iron metabolism in SKOV-3 cells was distinct from that in MCF-7 cells. In that, although E2 treatment resulted in reduced hepcidin expression regardless of dose (Figure 4) , reduced intracellular labile iron content was most evident at 5 nM rather than 20 nM as was the case inn MCF-7 cells (Figure 1 ). There was also reduced expression of FPN and in the case of SKOV-3 cells ( Figure 5 ) rather than increased expression as was noted in MCF-7 cells ( Figure 5 ). Additionally, although TfR2 expression was reduced in SKOV-3 cells in a way similar to that in MCF-7 cells, the expression of TfR1 was significantly enhanced, rather than reduced, in SKOV-3 cells. This suggests that E2 treatment downregulates hepcidin synthesis, enhances intracellular iron efflux, and differentially disrupts intracellular iron metabolism in different types of cancer cells in a dose-dependent manner. Furthermore, the pattern of E2-induced disruption of intracellular iron metabolism seems to be cancer cell type-dependent as evidenced by the disparate changes seen in MCF-7 vs. SKOV-3 cells following E2 treatment.
Lastly, decreased labile iron content following E2 treatment is consistent with the idea that iron deprivation reduces cell viability and may precipitate iron deprivation-dependent apoptosis [50, 51] . However, further work is still needed to establish whether E2 treatment precipitates such effects on cancer cells. Should this prove to be the case, high dose E2 treatment could provide an alternative to the problematic employment of iron chelation as an anti-cancer therapy [29] [30] [31] [32] [33] [34] [35] [36] .
Conclusion
Findings presented her suggest that E2 treatment disrupts intracellular iron metabolism and induces intracellular labile iron efflux. The existence of such an E2-iron axis could help explain some of the paradoxical effects of E2 on cancer (carcinogenesis vs. anticarcinogenesis) and immunity (autoimmunity vs. immunosuppression).
